Objective: Using pre-and post-treatment otoacoustic emission (OAE) tests, this study aimed to assess the ototoxic effect of meropenem, amikacin and meropenem plus amikacin among neonates treated for sepsis neonatorum in a neonatal intensive care unit versus untreated outpatient controls.
Ototoxicity refers to the injurious effect of a drug or any chemical substance on the organ of hearing or balance. 1 Drugs that could inflict such damage include aminoglycoside antibiotics, vancomycin, erythromycin IV, minocycline, amphotericin B, quinine, salicylates, cisplatin and loop diuretics among others. 2 These drugs can cause auditory and/or vestibular dysfunction. The damage is usually permanent hearing loss and tinnitus secondary to sensorineural degradation. Generally, the site of lesion is almost exclusively cochlear and balance dysfunction may derive from comparable degeneration. 3 The mechanism of cell damage is mainly through apoptosis particularly on the outer hair cells. 4 Severe neonatal infections can be treated by various types of antimicrobials. Ideally, culture-guided therapy is recommended to prevent production of multidrug resistant strains. However, empiric therapy is usually initiated in order to facilitate prompt and immediate treatment. As documented by a previous study, 5 common pathogens in sepsis neonatorum are frequently susceptible to aminoglycosides particularly gentamicin and amikacin as well as to carbapenems such as meropenem and imipenem.
Aminoglycosides are well-known and regarded as a successful class of antibiotics. The first aminoglycoside was streptomycin which was isolated from Streptomyces griseus. This provided treatment for tuberculosis and was found to be effective against gram-negative bacteria. Years after, other aminoglycosides were also isolated from members of the Streptomyces spp. In addition to their potent antimicrobial efficacy, all aminoglycosides can cause toxic side effects on the kidneys and inner ear. While damage inflicted on the kidney is usually temporary, damage to the inner ear is irreversible. 6 Carbapenems are beta-lactams with the broadest antibacterial spectrum currently available. They are generally well-tolerated and there are only few reports of drug-related adverse events. They have a definite role in empiric and definitive therapy of serious and multi drug resistant bacterial infections. 9 Interestingly, this group of drugs was developed from a drug called thienamycin which was first detected from a culture of Streptomyces cattleya, a member of the Streptomyces family where aminoglycosides were first isolated from. 7 The most frequently reported adverse events were diarrhea, rash, nausea and vomiting, thrombocytosis, eosinophilia and changes in hepatic biochemistry. 8 No data can suggest its possible ototoxic effect.
The American Academy of Audiology released its position statement and policy guidelines in ototoxicity monitoring. 3 The set of guidelines recommended audiologic monitoring for ototoxicity to be primarily performed for two purposes: "early detection of changes to hearing status presumably attributed to a drug/treatment regime so that changes in the drug regimen may be considered and audiologic intervention when handicapping hearing impairment has occurred. " Audiologic monitoring is suggested in cases of treatment using platinum coordination complexes, aminoglycosides, loop diuretics and nonsteroidal anti-inflammatory agents. Audiological methods possibly of value in ototoxicity monitoring include basic audiologic assessment, high frequency audiometry (HFA) and otoacoustic emission (OAE) measurement. These may be used separately or in combination and may vary in utility, reliability and purpose and applicability to specific patient populations. Regardless of the method to be used, it is highly recommended that a baseline evaluation be carried out so that future results will have a good basis of interpretation.
To date, the best approach in evaluating newborn hearing is through otoacoustic emissions (OAE) or auditory brainstem response (ABR) testing. 10 Otoacoustic emission test equipment is more accessible and mild degrees of motion artifact do not interfere with test results. Moreover, transient-evoked otoacoustic emissions (TEOAE) can be used as a powerful, sensitive and reliable test in evaluation of cochlear damage.
14 Auditory brainstem response offers a more complete evaluation of the hearing pathway but motion artifacts may affect the test results and if the test cannot be performed because of motion artifacts, sedation may be necessary.
11
This study aims to assess the ototoxic effect of meropenem, amikacin, and meropenem plus amikacin among admitted neonates treated for sepsis neonatorum in a tertiary government hospital neonatal intensive care unit through pre-and post-treatement otoacoustic emission testing versus outpatient controls. The results of this study may be used in guiding the clinician in administering the involved drugs in order to maximize efficacy and minimize the possible adverse outcomes.
METHODS STUDY DESIGN: Prospective Quasi-Experimental Controlled Clinical Trial

SETTING:
Tertiary Government Hospital SUBJECTS:
Neonates admitted to the neonatal intensive care unit between August to October 2012 for possible sepsis neonatorum and met inclusion criteria were included in this study. The control group was composed of neonates born in the same institution who were not admitted and did not receive any antibiotic treatment.
Neonates with poor APGAR score <5 at first minute, extremely low birth weight <1000 grams, clinically evident congenital anomalies, and initial "refer" results on OAE were not included to ensure that all subjects were presumed to be of normal hearing function before commencement of the treatment intervention.
INTERVENTION
Neonates were systematically assigned to three groups at the time of admission. This was based on the severity of the clinical and laboratory findings as assessed by pediatric residents. Group A neonates (least severe) were given an Aminoglycoside (amikacin at 15 mg/kg/ day), Group B neonates (moderately severe) were given a Carbapenem (meropenem at 20 mg/kg/dose q12), Group C neonates (severe) were given combination of amikacin at 15 mg/kg/day and meropenem at 20 mg/kg/dose q12. Informed consent was secured from the parents after informing them the need for admission. Risks and benefits of undergoing the proposed treatment plan were explained to the parents as part of the consent. Otoacaustic emission test using MADSEN AccuScreen ® PRO v. 1.16E1M (GN Otometrics, Denmark) was performed on all these neonates prior to the start of antibiotics and after seven days of antibiotics and on controls.
Neonates were subjected to OAE testing before and after seven days treatment with amikacin, meropenem or a combination of both drugs. Results were analysed using chi-square test. Maternal drug intake, family history of hearing impairment and clinical outcomes (whether expired or discharged improved) were not included in this study. Assessment of ototoxic effects was limited to OAE alone and not confirmed by ABR.
MAIN AND SECONDARY OUTCOME MEASURE
A grade of pass or refer in both ears were assigned to each subject after the hearing test.
DATA AND STATISTICAL ANALYSIS
Data were processed using SPSS v11.5 (SPSS Inc., South Wacker Drive, Chicago, IL 60606-6412) for Windows. Results were analyzed using chi square test. Descriptive statistics were applied on demographic profiles. Cross tabulation of hearing loss before and after treatment on each group was done.
RESULTS
A total of 79 neonates were included in the study; 47 (59.5%) were male and 32 (40.5%) were female. Nine neonates (9 male, no female) were in Group A (least severe, amikacin group), 8 neonates (4 male, 4 female) were in Group B (moderately severe, meropenem group), 20 neonates (6 male, 14 female) were in Group C (severe, amikacin + meropenem group) and 42 (28 male, 14 female) were outpatient controls. For the overall age of gestation based on Ballard's Score, 42 neonates (53%) belonged to the age group of 37-39 weeks. Seventeen (17) of 37 neonates (46%) from the treatment group had ages of gestation of 34-36 weeks while most (74%) of the babies from the control group had a Ballards score of 37-39 weeks. (Figure 2 ) The birth weight among the subjects was also noted and grouped (Figure 2 ) where 14 neonates (37.8%) from the treatment group had normal birthweight (2.5kg -3.0kg) and 18 neonates (48.6%) had low birthweight. Thirty one (31) neonates (73.8%) from the control group had normal birthweight.
Baseline OAE results of all subjects were "pass. " Hearing tests were repeated after treatment with antibiotic. (Table 1 ) OAE "refer" rates were as follows: no amikacin and no meropenem, 0% (0/42); amikacin only, 33.3% (3/9); meropenem only, 25% (2/8) and amikacin and meropenem, 50% (10/20) . Statistical analysis showed that risk of developing hearing loss is dependent on treatment (c2 =23.741, p = < 0.001). (Table 2 ) The Chi-square test revealed that there was a significant difference between the proportion of neonates who developed hearing loss after treatment compared with the control group. Overall, statistical analysis showed that there was an increased risk of developing hearing loss as suggested by a "refer" OAE result when treated with amikacin and/or meropenem as compared to no treatment (c 2 = 1.242, p = 0.265). (Table 3 ) There was an increased risk of developing hearing loss when treated with amikacin (Group A) as compared to no treatment. For Group B, there was an increased risk of having hearing loss when treated with meropenem as compared to no treatment. For Group C, there was an increased risk of having hearing loss when treated with both meropenem and amikacin as compared to no treatment. 
DISCUSSION
The ototoxic effects of amikacin have long been proven. Among the aminoglycosides, amikacin has been found to have higher rates of cochleotoxicity. 12 Previous studies documented the toxic effects of amikacin on high frequencies particularly on levels of 8,000 Hz, 4,000 Hz and even 2,000 Hz. 13 As such, careful monitoring of ototoxicity is recommended whenever the drug is used. Concentration of the drug is initially highest at the basal level of the cochlea thus exerting its effect in this region.
14 Within this area, outer hair cells are usually the ones that receive the harmful effect. Damage to the outer hair cells can be documented through otoacoustic emissions testing. The OAE device utilized in this study analyzed frequencies of 1500 Hz, 2000 Hz, 3000 Hz and 4000 Hz. 15 Meropenem, as a member of the class of drugs called carbapenems, can induce CNS toxicity usually presented as seizures. 16 Meropenem levels have been quantified in different tissues and body fluids such as CSF, respiratory tract, urinary tract and even in gynecologic tissues but no reports have been made regarding its presence in the inner ear. 17 Furthermore, no reports have been established for its possible effect on the vestibulocochlear system. Owing to the fact that carbapenems and aminoglycosides have the same origin on Streptomyces spp., 6, 7 we assumed that there may be some similarities in their pharmacokinetics. One possible hint is the nephrotoxicity which is a common characteristic of these groups of drugs. 6, 22, 24 In this study, monotherapy with both amikacin and meropenem showed an increased risk of developing hearing loss after seven days of treatment. This is expected of amikacin but not of meropenem. No available literature has been found to explain the possible mechanism of ototoxicity brought about by meropenem. Amikacin stimulates generation of reactive oxygen species (ROS) in the inner ear. Reactive oxygen species can activate cell-death pathways thereby causing irreversible injury to the outer hair cell that could ultimately lead to hearing loss. 4 On the other hand, meropenem's structure, believed to be the factor responsible for its epileptogenic activity, has not been probed for its possible ototoxic effects.
Monotherapy with amikacin and combination therapy with amikacin plus meropenem carries the same risk of developing hearing loss. Following this, it may be hypothesized that there is possibly no synergistic effect on ototoxicity of the two drugs.
This study suggested the possible ototoxic effect of meropenem and confirmed that of amikacin on neonates. However, the specific area of the inner ear as predicted by the frequency of hearing impairment where meropenem might have been taking its effect was not established due to the limitation of equipment. It is recommended to test for possible ototoxic effects of meropenem on a larger sample size using equipment that could determine the specific frequency of possible area of injury. Further biochemical studies can also be recommended for meropenem in order to verify the possible mechanism of injury it can induce in the inner ear.
